The selective deposition of compound semiconductors on single crystal silicon tip arrays produces optical quality, direct band gap materials on the silicon nanostructures. We demonstrate using the organometallic vapor phase epitaxy of GaInP that the direct band gap semiconductor nucleates selectively on the silicon tips. The structural properties of the tips ͑whose radius of curvature is approximately 10-20 nm͒ are unaltered by this chemical vapor deposition process. Furthermore, intense band edge emission from the GaInP is observed with an external electron beam or laser stimulation indicating a good crystal quality for the three dimensional epitaxial structures. © 1997 American Institute of Physics. ͓S0003-6951͑97͒03823-0͔
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The ability to combine direct band gap materials on silicon nanostructures is of interest for a variety of optoelectronic device applications including flat panel displays. The resulting compatibility with silicon makes optoelectronic devices more cost effective and leverages existing large scale integrated circuit technology. If silicon micromachined tips can be used to field emit electrons directly into the conduction band of intrinsic or p-type direct band gap compound semiconductors, then display pixels can be realized without incorporating phosphor screens and a vacuum. 1, 2 In this study, we demonstrate that direct band gap structures, GaInP in this case, can be selectively deposited on single crystal silicon tips using a chemical vapor deposition process. The initial nucleation occurs on the silicon nanostructure, and the subsequent growth is not limited by the normal epitaxial lattice matching constraints as the needle shaped silicon tips are expected to be compliant. This is evidenced by the intense photon emission observed using an external stimulation with the absence of dark lines ͑or spots͒ associated with misfit dislocations in planar GaInP mismatched epitaxy. 3 With relaxed lattice matching constraints, a variety of other direct band gap materials ͑II-VI and III-V nitride alloys͒ are compatible with this type of process for pixel fabrication spanning the entire visible range.
The basic concept for the fabrication sequence of an individual pixel element is shown in Fig. 1 . First, the conducting single crystal silicon host is processed to form the field emitting tip. 4, 5 The only exposed bare silicon is the tip and its base as shown. The rest of the substrate surface is coated with Si 3 N 4 . This is important as most compound semiconductor epitaxies will not readily nucleate on a Si 3 N 4 surface under normal growth conditions. 6 Next, a direct band gap structure is selectively grown on the bare silicon regions as shown. Finally, the pixel metallization and interconnect is formed using standard processing methods. Photon generation in the direct band gap material is produced by one of three mechanisms, each requiring a different structure to be grown on the tip array. First, the field emission of electrons occurs directly into the conduction band of a p-type direct band gap structure followed by band-to-band recombination.
Second, a direct band gap p-n junction is formed on the tip with carrier injection and recombination under forward bias. Last, electron-hole pair generation occurs from the field emission of energetic electrons into an undoped direct band gap material followed by thermalization and recombination. The first two of these processes will require much lower operating voltages with a higher overall quantum efficiency, and are compatible with complimentary metal oxide semiconductor ͑CMOS͒ technology. It is also feasible to produce moving pixels using an integration process for microelectromechanical systems ͑MEMS͒. 4 We have demonstrated that the external excitation with electrons or photons produces an intense photon emission at the band edge of the direct band gap material. Thus, surface recombination processes, at least for GaInP, do not quench the radiative recombination in these structures.
The silicon field emitting tip arrays are formed by selective lateral thermal oxidation. 5 This process has been shown to result in uniform tip dimensions across large array sizes. In addition, because the thermal oxidation rate of silicon is reduced in regions of high curvature, small radius of curvature tips are readily produced. As a result, these tips have a potential for low operating voltages and substantial currents up to several A per tip. Tip to tip spacings as small as 3 m have been fabricated, but 6 m spacings were used in these experiments. The radius of curvature of each tip is estimated to be approximately 10-20 nm. After fabrication, these micromachined silicon structures were stored in air for up to several days. Scanning electron micrographs ͑SEM͒ of these structures are shown in Fig. 2 . The silicon nanostructure is clearly visible in the upper micrograph. The pedestal which supports each tip is coated with Si 3 N 4 as is the ͑001͒ silicon surface between each pedestal. It is interesting to point out that the structures shown in these micrographs were cycled through the entire deposition process consisting of a surface a͒ Electronic mail: shealy@ee.cornell.edu b͒ Cornell Nanofabrication Facility. preparation to remove the native oxide ͑several minutes submerged in concentrated HF acid͒, an in situ HCl cleaning step at 750°C lasting several minutes, followed by the epitaxial growth process of GaInP at 700°C, also for several minutes. ͑The HCl gas was used in an attempt to remove any residual native oxide on the silicon surfaces left from the brief air exposure prior to loading into the reactor load lock after the HF dip.͒ In order to view the underlying tip, some samples were removed from the growth chamber and placed in an aqueous solution of HCl, which aggressively etches the GaInP growth. As indicated, the tip structures remained intact throughout this entire process. Based on surface selfdiffusion studies of silicon, 7 this result is not unexpected. In this work, dry etching was used to produce rectangular profile grating structures on an ͑001͒ silicon surface where sharp edges at the top of each square mesa resulted. Subsequent anneals performed in UHV conditions indicate that the silicon nanostructures are modified very slowly at the temperatures used in this study.
The GaInP deposition process was carried out using a flow modulation technique in an organometallic vapor phase epitaxial reactor. The multideposition zone reactor is a vertical barrel design which operates in a reduced hydrogen pressure ͑76 Torr͒. The reactant species used were triethylgallium, trimethylindium, and phosphine. A detailed description of this epitaxial deposition process is described elsewhere. 8, 9 Although the substrate is exposed to alternating groups III and V fluxes at a rate of 4 ML per cycle ͑for growth on planar substrates͒, this process differs from atomic layer epitaxy in that the substrate temperature is elevated so the self-limiting growth mechanism is not active. Both ͑001͒ GaAs, ͑001͒ silicon, and the fabricated tip structures were loaded into the reactor following the preparation procedure outlined above. Arsine was used to preserve the GaAs surface during the thermal cycling prior to the GaInP deposition and, as a result, the silicon samples were also exposed to arsine during heat up. The gas phase stochiometry ͑V/III ratio͒ was 120 and the gas velocity was roughly 30 cm/s. The growth rate and the alloy composition x of the Ga x In 1Ϫx P were measured on the GaAs substrates using standard cleave and staining techniques and x-ray diffraction, respectively. These experiments were designed with Ga rich solutions ͑compared to the lattice match value of xϭ0.51 on GaAs͒ for better lattice matching conditions on the silicon. The measured growth rate was 0.8 m/h and the alloy was Ga 0.65 In 0.35 P on planar GaAs substrates. Samples were exam ined by scanning electron microscopy ͑SEM͒, cathodoluminescence ͑CL͒, and photoluminescence ͑PL͒.
In order to gain some insight into the nucleation process, short growth runs were carried out with GaInP deposition times ranging from 1 to 5 min in duration. An enhancement of the growth rate was expected if nucleation does not occur on the mask based on previous reports of selective area growth on SiO 2 masked GaAs. Furthermore, the binary components of mixed III-V solutions experience different amounts of growth rate enhancement. 10 In this case of GaInP on the silicon needles, one would expect an increase in the InP mole fraction on the exposed silicon regions over the planar epitaxy case. In fact, the selective area growth of GaInP mesas has been imaged with spectrally resolved CL and large increases in the In content with a corresponding decrease in band edge emission energy are characteristic of the inclined crystal surfaces from the ͑001͒ surface plane. 11 The SEM images of the GaInP/Si structures are shown in Fig. 3 for GaInP deposition cycles of 1, 3, and 5 min. The 1 min deposition cycle ͑top figure͒ produced nucleation on the tip and its supporting structure with the ͑001͒ Si 3 N 4 coated surfaces remaining completely free of deposition. The bare silicon tip and its supporting structure are the first surfaces where nucleation occurred and the growth rate on the bare silicon tip is larger than that on other regions of the structure as the deposition proceeds ͑the tip region becomes blunted as shown͒. The growth rate enhancement on the tip structure ͑over planar epitaxy͒ is estimated to be in excess of 25 to 1 during the first minute of growth judging by the 0.5 m diameter of the GaInP region surrounding the tip ͑top figure͒. The corresponding spectrally resolved, 680 nm room temperature CL image ͑Fig. 4 upper inset͒ illustrates the intense emission observed on the GaInP coated silicon tip. The peak emission wavelength was roughly 690 nm as shown in the room temperature PL spectra presented in Fig. 4 on the sample with the 1 min growth cycle. For comparison, the PL spectrum on a ͑001͒ GaAs control sample is also shown. It is interesting to note that the PL spectra were broadened, but single peaked, due to the presence of a different band gap ͑alloy composition͒ material on the tip and its support structure. Also, the peak emission wavelength on the planar GaAs substrate was 620 nm as shown, indicating that InP preferentially nucleates on the tip structure as compared to GaP as expected. This compositional broadening was further investigated using spectrally resolved CL. At wavelengths of 650 nm and longer, CL images on each sample appear similar to that shown in Fig. 4 -bright around the tip structure and dark elsewhere. CL images recorded at a wavelength of 625 nm yield a bright emission around the tip structure, but photon emission is clearly visible between the tip structures ͑Fig. 4 lower inset͒ for samples with deposition there ͑growth times of 2 and 3 min͒. This indicates that the deposition on the ͑001͒ Si 3 N 4 coated surfaces between the tips is gallium rich compared to that on the tips by as much as 20% group III mole fraction.
It is clear that under the growth conditions studied, very brief growth cycles are required as both the 3 and 5 min growths consistently produced weaker emissions in both CL and PL experiments. In addition, at some time between the 1 and 3 min growth, nucleation occurred on the ͑001͒ surface between each silicon tip as seen in the SEM images. Eventually, the entire surface was coated, requiring roughly 5 min as shown in the lower SEM micrograph ͑Fig. 3͒. It should be pointed out that the CL images and SEM features have nearly the same dimension which suggests that surface recombination is not playing a dominant role. Finally, the CL and much of the PL testing occurred some 14 months after the structures were prepared and stored in ambient laboratory conditions, indicating that these structures are stable after prolonged exposures to air.
In conclusion, we have demonstrated that direct band gap structures can be selectively grown on silicon field emitting tip arrays using organometallic vapor phase epitaxy. Nucleation of these three dimensional epitaxial structures is believed to initiate on the silicon tip and then proceed to the masked regions around each tip. Intense photon emission in the visible was observed for GaInP alloys on each tip. Substituting the GaInP with other wide band gap materials like GaInN will likely produce pixels in the green and blue portions of the spectrum. Three deposition cycles could be integrated in a straightforward fashion to fabricate red, green, and blue pixels on the same substrate. The process reported here has significant potential for realizing a new high resolution, color flat panel display technology based on single crystal silicon substrates. 
